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Abstract
Background: Pigs are considered susceptible to influenza A virus infections from different host origins because
earlier studies have shown that they have receptors for both avian (sialic acid-alpha-2,3-terminal saccharides (SA-
alpha-2,3)) and swine/human (SA-alpha-2,6) influenza viruses in the upper respiratory tract. Furthermore,
experimental and natural infections in pigs have been reported with influenza A virus from avian and human
sources.
Methods: This study investigated the receptor distribution in the entire respiratory tract of pigs using specific
lectins Maackia Amurensis (MAA) I, and II, and Sambucus Nigra (SNA). Furthermore, the predilection sites of swine
influenza virus (SIV) subtypes H1N1 and H1N2 as well as avian influenza virus (AIV) subtype H4N6 were investigated
in the respiratory tract of experimentally infected pigs using immunohistochemical methods.
Results: SIV antigen was widely distributed in bronchi, but was also present in epithelial cells of the nose, trachea,
bronchioles, and alveolar type I and II epithelial cells in severely affected animals. AIV was found in the lower
respiratory tract, especially in alveolar type II epithelial cells and occasionally in bronchiolar epithelial cells. SA-alpha-
2,6 was the predominant receptor in all areas of the respiratory tract with an average of 80-100% lining at the
epithelial cells. On the contrary, the SA-alpha-2,3 was not present (0%) at epithelial cells of nose, trachea, and most
bronchi, but was found in small amounts in bronchioles, and in alveoli reaching an average of 20-40% at the
epithelial cells. Interestingly, the receptor expression of both SA-alpha-2,3 and 2,6 was markedly diminished in
influenza infected areas compared to non-infected areas.
Conclusions: A difference in predilection sites between SIV and AIV virus was found, and this difference was in
accordance with the distribution of the SA-alpha-2,6 and SA-alpha-2,3 receptor, respectively. The results indicated
that the distribution of influenza A virus receptors in pigs are similar to that of humans and therefore challenge
the theory that the pig acts as a mixing vessel between human and avian influenza viruses. Furthermore, it was
shown that AIV prefers to infect alveolar type II epithelial cells in pigs. This corresponds with findings in humans
emphasising the resemblance between the two species.
Background
The natural reservoir of influenza A virus (infAv) is con-
sidered to be aquatic birds because all known subtypes
(H1-H16 and N1-N9) of infAv have been isolated from
waterfowl [1]. InfAv can, however, infect many other
mammalian species, including humans, swine, horses,
ferrets, and sea mammals [1-3]. There are several speci-
fic swine influenza A virus (SIV) subtypes (H1N1, H1N2
and H3N2) circulating in the pig populations in Europe,
including Denmark [4-6]. The Danish SIV subtype
H1N2 differs from the European SIV H1N2 subtypes, in
that it is a re-assortment between two circulating Dan-
ish SIV strains of the subtypes H1N1 and H3N2. The
first known Danish H1N2 isolate occurred in 2003 and
is therefore a relatively new strain in Denmark [7].
It has been described that pigs have receptors for both
human and avian strains of influenza A viruses in the
* Correspondence: ratre@vet.dtu.dk
1Division of Veterinary Diagnostics and Research, National Veterinary
Institute, Technical University of Denmark, Bülowsvej 27, 1790 Copenhagen
V, Denmark
Full list of author information is available at the end of the article
Trebbien et al. Virology Journal 2011, 8:434
http://www.virologyj.com/content/8/1/434
© 2011 Trebbien et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.upper respiratory tract and therefore are susceptible to
infections by both [8,9]. Based on this finding, it has
been proposed that pigs can act as a mixing vessel when
infected by both a human and avian influenza A virus
(AIV) strain to make a new reassorted virus with zoono-
tic and even pandemic potential. In recent years, how-
ever, there have been examples of infAv crossing the
species barrier without the involvement of pigs [10-12].
Infections with infAv are initiated by interactions
between virus haemagglutinin and sialic acid (SA) mole-
cules on target cells. AIV strains prefer SA-a-2,3-term-
inal saccharides whereas human and swine influenza
virus strains prefer SA-a-2,6-terminal saccharides as
receptors [9,13-16]. A few studies have shown that the
epithelial cells of the upper respiratory tract of pigs
express both receptors [8,9]. However, recent studies
have shown a more variable distribution of the specific
receptors in the deeper lung areas whereas in the tra-
chea the SA-a-2,6-terminal saccharides are abundant
[17,18]. It has been described that after infections with
AIV in pigs and humans the virus has shifted receptor
specificity from SA-a-2,3 to SA-a-2,6 as a part of the
adaptation to the new host by the virus. This shift in
receptor specificity has been linked to specific amino
acid substitutions in the HA molecule [19-21], but the
exact determinants of the host specificity of infAv have
not been fully elucidated.
Specific lectins have been the chosen method for
detecting SA receptors. The Sambucus Nigra (SNA) lec-
tin is specific for SA-a-2,6 bindings and the Maackia
Amurensis (MAA) lectin is specific for SA-a-2,3 bind-
ings of the SA molecules. In order to detect SA-a-2,3-
terminal saccharides it is necessary to use two isoforms
of MAA lectin: MAAI and II because the two isoforms
are different in the way they recognise the inner sugar
structures of SA-a-2,3 [22-24]. A more thorough inves-
tigation of the receptor distribution in the respiratory
tract of pigs would give a more nuanced picture of the
infection dynamic of different infAv in pigs. This,
together with investigation of the predilection site of dif-
ferent infAv in the respiratory tract tissue, would enable
us to improve our understanding of the mechanisms of
infection regarding pathogenesis and host range
determination.
The aim of the study was to investigate the tissue and
cell predilection sites of avian and swine influenza A
viruses, respectively, and SA-a-2,3/2,6-terminal saccharide
receptor distribution in the respiratory tract of pigs by the
use of immunohistochemical methods and lectin staining.
Methods
Animals
Landrace/Yorkshire (LY) pigs two months of age were
used for the experiments. The pigs were bred for
experimental use, and were free from the important
pathogens: porcine circovirus 1, porcine circovirus 2,
porcine reproductive and res p i r a t o r ys y n d r o m ev i r u s ,
swine influenza A virus, porcine respiratory coronavirus,
and Mycoplasma [25]. All pigs were tested negative for
SIV and AIV before the experiments and were examined
and shown negative for antibodies against SIV and AIV.
The different groups were housed in separated isolation
units. A total of 21 pigs were included in this study of
which 8 pigs were inoculated with influenza virus
(4 with SIV and 4 with AIV) (in total 8 influenza virus
positive pigs). Furthermore, 4 pigs were mock inoculated
and one pig was not inoculated (see below). Addition-
ally, tissue samples were included for the lectin staining
from 8 pigs which had recovered from SIV (H1N1 and
H1N2) infections 8 weeks earlier. The infection and
cease of infection was diagnosed by both virus and anti-
body detection (in total 13 influenza negative pigs).
Tissues from 8 chickens were included as positive
control tissues for the lectin stainings [26].
The study was carried out in strict accordance with
Danish legislation on animal experiments (LBK nr 1306
- 23/11/2007) and EU regulations on the use of labora-
tory animals for research.
Experimental design
SIV infected pigs
Two pigs were inoculated intranasally at post inocula-
tion day (PID) 0 with 4 ml of A/swine/Denmark/19126/
1993 (H1N1) 3
rd passage grown in primary swine kidney
cells containing a titer of 10
5.7 tissue culture infectious
dose 50% (TCID50) per ml and euthanized PID 4.
Two pigs were inoculated intranasally at PID 0 with 4
ml (10
5.9 TCID50 per ml) of A/swine/Denmark/10074/
2004 (H1N2) 3
rd passage and euthanized PID 4.
AIV infected pigs
At PID 0, four pigs were inoculated with 4 ml intrana-
sally and 4 ml intratracheally (titer: 10
8 egg infectious
dose 50% (EID50) per ml) of A/duck/Denmark/65472-
26/2003 (H4N6) 3
rd passage propagated and harvested
from allantoic fluid of embryonated chicken eggs. The
pigs were inoculated both intranassally and intratrache-
ally to increase the chance of successful infection with
AIV. Two pigs were euthanized on PID 4 and 8,
respectively.
Negative controls
One pig was not inoculated and was housed together
with the AIV infected pigs (sentinel). The pig was eutha-
nized PID 8. Four pigs were included as uninfected
(infAv free) controls. The pigs were inoculated PID 0
with mock consisting of pure allantoic fluid from
embryonated chicken eggs, and received 4 ml intrana-
sally and 4 ml intratracheally. Two of the pigs were
euthanized PID 4 and two pigs were euthanized PID 8.
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Euthanization of the pigs was performed using pento-
barbiturat (50 mg/kg) intraveneous following exsangui-
nation by cutting arteria axillaris. Immediately after
killing, tissue samples from the following organs were
collected: ciliated nose epithelium, palatine tonsil, tra-
chea (section from the middle part), lnn. tracheobronch-
ialis, and nine lung tissue samples from the following
areas: lu1: cranioventral part of the left cranial lobe; lu2:
caudoventral part of the left cranial lobe; lu3: dorsal
part of the left cranial lobe; lu4: ventral part of the right
cranial lobe; lu5: middle part of the right cranial lobe;
lu6: dorsal part of the right cranial lobe; lu7: middle
part of the right middle lobe; lu8: middle part of
the accessory lobe; and lu9: middle part of the right
caudal lobe.
The tissue from the 8 chickens included trachea, lung
and intestines and were treated as described for the pig
tissues.
The tissues were fixed in 10% PBS-buffered formalin
for 24-30 hours, washed with demineralized water
(dH2O), and transferred to 70% ethanol where the tis-
sues were stored for a maximum of 14 days. The tissues
were paraffin embedded, cut into 3 μm sections and
mounted on superfrost + glass slides (Menzel-Gläser).
Prior to immunohistochemistry (IHC) and lectin stain-
ing, the tissue sections were deparaffinised in xylene,
rehydrated through graded alcohols and washed three
times in Tris buffered saline (TBS), pH 7,6 (0,05 M
Tris-HCl, 0,15 M NaCl).
All tissue sections were evaluated in double for IHC
with infAv antibody. Tissues from SIV infected pigs
were evaluated with a polyclonal antibody against SIV
and a polyclonal antibody against infAv (see below). Tis-
sues from AIV, mock and non-inoculated animals were
evaluated twice with a polyclonal antibody against infAv
(see below). For the first evaluation of the lectin stain-
ing, all lung sections and sections of nose and trachea
were evaluated. For the second evaluation of lectin
staining one representative section from cranial (lu2)
and caudal (lu9) lung lobes, respectively, were picked for
final assessments together with sections from nose and
trachea.
All microscopic evaluations of IHC and receptor stain-
ing were performed with an Olympus BX50 microscope
and photographs were taken with an Olympus DP70
camera using the photographic software Olympus
DP-soft.
Receptor staining
DIG glycan differentiation kit from Roche (cat. no. 11
210 238 001) was used for detection of the SA-a-2,6-
terminal saccharide receptor. In brief, blocking was per-
formed with the blocking reagent for 30 minutes at
room temperature, followed by three washes in TBS.
For the detection of SA-a-2,6-terminal saccharides,
digoxigenin (DIG) labelled Sambucus nigra (SNA) lectin,
were used. The SNA lectin was diluted 1:1000 in Buffer
1 and incubated overnight at 4°C. This was followed by
three washes in TBS before incubation for one hour at
room temperature (RT) with anti-digoxigenin alkaline
phosphatase diluted 1:1000 in TBS. The sections were
washed three times in TBS and developed for 5 minutes
at RT with Nitroblue tetrazolium/5-bromo-4-chloro-3-
indolyl-phosphate (NBT/BCIP) diluted 1:50 in Buffer
2 revealing a dark blue staining. A final wash was per-
formed three times with TBS before the sections were
mounted with glycergel and evaluated in microscope.
The same procedure was used for staining of the
SA-a-2,3-terminal saccharide receptors except for incu-
bation with biotinylated Maackia amurensis (MAA)
I lectin (cat. no. B-1315 Vector laboratories) diluted
1:4000 in Buffer 1 or biotinylated MAA II lectin (cat.
no. B-1265 Vector laboratories) diluted 1:2000 in Buffer
1 overnight at 4°C. Afterwards the sections were washed
three times with TBS and incubated for one hour at
RT with streptavidine alkaline phosphatase (cat. no.
SA-5100 Vector Laboratories) diluted 1:200 in TBS.
Receptor scoring
To evaluate the receptor distribution, a scoring system
was developed. The lectin staining was evaluated in
categories of percent of the lectin positive distribution
on the epithelial cells in nose, trachea, bronchi, bronch-
ioles and alveoli. The categories were; 1: 0-20%, 2: 20-
40%, 3: 40-60%, 4: 60-80% and 5: 80-100%. Double
blinded evaluation of the lectin staining was performed.
A weighted kappa test was calculated after evaluation
[27].
To generate the score for the lectin staining the whole
tissue section (approx. 1 by 2 cm) was evaluated. Tissue
sections from infAv infected animals containing both
consolidated and unconsolidated areas were evaluated
separately in the two parts whereby the same section
could obtain two different scores.
Immunohistochemical staining of SIV antigen
The tissue was treated for ten minutes with 0.018% pro-
tease in TBS (Protease, Sigma cat. no. P-8038) at RT for
antigen retrieval. The sections were then washed for 5
minutes with 4°C cold TBS followed by washing in TBS
at RT for 5 minutes. Blocking was performed against
endogenous peroxidase activity in 3% H2O2 for 5 min-
utes, followed by a wash for 5 minutes in dH2Oa n d
three washes in TBS. Blockinga g a i n s tn o n s p e c i f i cp r o -
tein binding was performed using 5% normal pig serum
in TBS for at least 10 minutes at RT. The primary
antibody, polyclonal rabbit anti-SIV, was made by
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mark/4744/1981 (H1N1). The antibody was diluted
1:1000 in 5% normal pig serum in TBS and applied to
the sections which were incubated overnight at 4°C. The
sections were washed three times in TBS before incuba-
tion for 30 minutes at RT with swine anti-rabbit anti-
body (DAKO cat. no. Z196) diluted 1:100 in 5% normal
pig serum in TBS. After wash in TBS, the sections were
incubated with peroxidase antiperoxidase (PAP), rabbit
(DAKO cat. no. Z113) diluted 1:100 in 5% normal pig
serum in TBS for 30 minutes at RT. The sections were
washed in TBS and then developed using DAB+ (DAKO
cat. no. K3468) for 40 minutes at RT revealing a brown
staining. Finally, the sections were washed in TBS and
counterstained with Mayers hematoxylin for 10 seconds
before mounting with glycergel.
Staining of SIV and AIV antigens
Antigen retrieval was performed by microwave boiling
of the slides in Tris/EDTA buffer (10 mM Tris, 1 mM
EDTA, pH 9). The slides were left in the warm buffer
for 15 minutes before wash in TBS. Blocking was per-
formed for 10 minutes in 5% normal pig serum in TBS
followed by incubation overnight at 4°C with goat anti
infAv antibody (cat. no. OBT1551 Serotec, immunogen:
InfAv, strain USSR (H1N1)) diluted 1:5000 in 5% nor-
mal pig serum in TBS. After wash in TBS the sections
were incubated with biotinylated rabbit anti-goat anti-
body (cat. no. E0466 DAKO) diluted 1:200 in 5% normal
pig serum in TBS for 30 minutes at RT. The sections
were then washed in TBS and incubated with streptavi-
din - alkalic phosphatase conjugate (cat. no. SA-5100
Vector Laboratories) diluted 1:400 in 5% normal pig
serum in TBS for 30 minutes at RT. Development was
performed in Fast Red substrate (KemEnTec diagnostics
cat. no. 4210) for 20 minutes at RT revealing a red
staining, followed by three washes in TBS before coun-
terstaining in Mayers hematoxylin and mounting with
glycergel.
Double staining of SIV antigen and cytokeratin
The double immunohistochemistry clarifies if the infAv
antigen positive cells protruding from the alveolar wall
or situated in the alveolar lumen were alveolar type II
epithelial cells or alveolar macrophages. Double stain-
ings were performed as described before by Viuff et al.
[28] except the use of other antibodies. Breifly, antigen
retrieval was performed with 0.018% protease for 30
minutes at RT followed by blocking with 5% normal pig
serum in TBS. The sections were then incubated with
polyclonal rabbit anti-SIV diluted 1:1000 in 5% normal
pig serum in TBS for one hour at 37°C, followed by
incubation with biotinylated swine anti-rabbit (DAKO
cat. no. E0431) diluted 1:300 in 5% normal pig serum in
TBS for 30 minutes at RT. The sections were then incu-
bated with streptavidin-b-galactosidase (Roche cat. no.
11112481001) diluted 1:1000 in 5% normal pig serum in
TBS for 30 minutes at 37°C. The staining was per-
formed using X-Gal substrate (Histomark, Kirkegaard &
Perry Laboratoriums cat. no. 54-13-00) for 30 minutes
at RT. Positive stainings were blue. The sections were
left in TBS overnight and then incubated for 1 hour at
37°C with monoclonal mouse anti-human cytokeratin
antibody (DAKO cat. no. M0821) diluted 1:50 in 5%
normal pig serum in TBS. This was followed by incuba-
tion for 30 minutes at RT with rabbit anti-mouse
(DAKO cat. no. Z259) diluted 1:25 in 5% normal pig
serum in TBS. The sections were then incubated at RT
for 30 minutes with alkaline phosphatase-anti-alkaline
phosphatase (APAAP), mouse, complex (DAKO cat. no.
D651) diluted 1:50 in 5% normal pig serum in TBS and
afterwards developed with Fast Red (KemEnTec diag-
nostics cat. no. 4210) for 60 minutes at RT revealing a
red staining. The sections were finally counterstained
with Mayers hematoxylin and then mounted with
glycergel. Double stained cells appeared purple.
Double staining of AIV antigen and cytokeratin
The procedure was as described above except the use of
goat anti-infAv antibody (cat. no. OBT1551 Serotec,
infAv, strain USSR (H1N1)) diluted 1:1000 in 5% normal
pig serum in TBS followed by incubation for 30 minutes
with biotinylated rabbit anti-goat antibody (cat. no.
E0466 DAKO) diluted 1:200 in 5% normal pig serum in
TBS. The sections were then incubated with streptavi-
din-ß-galactosidase (Roche cat. no. 11112481001)
diluted 1:1000 in 5% normal pig serum in TBS for 30
minutes at 37°C and developed for 60 minutes with X-
Gal substrate (Histomark, Kirkegaard & Perry lab cat.
no. 54-13-00).
In the double staining protocols, control sections were
included in the form of lung tissue sections from mock-
inoculated control pigs and only cytokeratin was
demonstrated in these sections. Likewise, only single
staining was obtained when either of the primary anti-
bodies was omitted when staining lung sections from
infAv infected pigs.
Results
Clinical signs
There were no visible clinical signs during the experi-
ment in the AIV and SIV inoculated pigs. In the SIV
inoculated pigs mildly increased body temperature
(between 0.1 and 1°C) was recorded on day 1 only.
Macroscopic changes
Pigs inoculated with SIV H1N1 and euthanized PID4
had few lobular consolidated areas in the cranial lung
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consolidated areas constituted < 10% of the lobes. The
SIV H1N2 infected pigs, likewise euthanized PID4, had
more widespread consolidations in the lung lobes com-
pared to the H1N1 infected pigs. In the left cranial
lobes an average area of approximately 80% was consoli-
dated and approximately 40% of the middle lobe was
consolidated. The accessory lobe had an average of 20%
affected areas. The right and left caudal lobes had few
lobular consolidations in the cranial parts. The right cra-
nial lobes were only sparsely affected.
In general pigs inoculated with AIV H4N6 had no
gross pathological changes except for one pig euthanized
PID 4 where minor lobular consolidations were present
in the right cranial lobe, right middle lobe, and left cra-
nial lobe.
Mock and non-inoculated pigs and pigs which had
recovered from SIV infections 8 weeks before had no
gross pathological changes.
Microscopic findings
Pigs inoculated with SIV H1N2 showed more affected
areas compared to SIV H1N1 inoculated pigs. The con-
solidated areas had a lobular distribution with bronchitis
and bronchiolitis and to a lesser extent alveolitis in the
most severely affected areas. Hyperplasia of the epithe-
lial cells was seen in the affected bronchi and bronch-
ioles and many of the bronchial epithelial cells had lost
their cilia. Cellular exudate consisting of neutrophil
granulocytes and few mononuclear cells was seen in the
lumen of bronchi and bronchioles and sometimes in
alveoli. In some animals there was peribronchial and
peribronchiolar infiltration with mononuclear cells and
in the most severely affected areas interstitial oedema
was observed. Pigs inoculated with AIV H4N6 had only
few affected areas, especially in comparison to pigs
inoculated with the SIV subtypes H1N1 and H1N2.
Consolidations were seen in a lobular distribution in
affected areas. A sparse cellular exudate was occasionally
present in the lumen of alveoli and bronchioles in
affected areas. Mock and non-inoculated pigs as well as
pigs which had recovered from SIV infections 8 weeks
before had no histopathological changes.
Receptor staining
SA-a-2,6-terminal saccharides (SNA lectin)
Both influenza virus positive pigs (n = 8) as well as
influenza virus negative pigs (n = 13) had a strong stain-
ing of the luminal part of the respiratory epithelial cells
with the SNA lectin demonstrating SA-a-2,6-terminal
saccharides (Figure 1). There was a coherent signal lin-
ing of the SNA lectin at the epithelial cells of nose, tra-
chea, bronchi, bronchioles, and alveoli (Figure 2).
Furthermore, endothelia cells were demonstrated to be
SNA lectin positive (Figure 2).
There was no differences in the SNA signal of the
non-affected lung tissue among the different groups of
pigs including the non-inoculated sentinel pig, however,
in the consolidated areas of the infAv positive pigs the
SNA signal was scarce to non-existing.
The epithelial cells in intestines and trachea of chick-
ens were also highly positive for the SNA lectin whereas
there was a very sparse signal for epithelial cells of the
lungs (Figure 3).
SA-a-2,3-terminal saccharides (MAAI lectin)
Only few epithelial cells of the alveoli and bronchioles
were positive for the receptor SA-a-2,3-terminal sacchar-
ide when the MAAI lectin was used for staining (Figures
1 and 2). The MAAI lectin could not be demonstrated
on the epithelial cells of nose and trachea, and only in
very few bronchial epithelial cells whereas some cells in
lamina propia of the epithelium and endothelial cells
were MAAI lectin positive. The distribution of the MAAI
lectin was similar in all groups of pigs, both infAv
alveoli
bronchioles
bronchi
trachea
nose
1
2
3
4
5
MAAI
MAAII
SNA
Tissue
S
c
o
r
e
Figure 1 The distribution of lectin staining in the respiratory
tract of pigs. Diagram showing the score distribution of the three
lectins MAAI (SA-a-2,3-terminal saccharides), MAAII (SA-a-2,3) and
SNA (SA-a-2,6) at the epithelial cells of alveoli, bronchioles, bronchi,
trachea, and nose. (Score 1: 0-20%, 2: 20-40%, 3: 40-60%, 4: 60-80%
and 5: 80-100%). The diagram is based on an average of both infAv
positive (n = 8) and infAv negative (n = 13) pigs. Only scoring data
from unconsolidated areas of the tissue sections is included in the
figure.
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lectin staining was scarce, and it seemed that the signal
was mainly confined to alveolar type II cells. Similar to
the SNA lectin signal, the MAAI staining was not
observed in consolidated areas of the infAv positive pigs.
The tissues from chickens were highly positive for the
MAAI lectin (Figure 3). Especially the luminal surface of
the epithelial cells of intestine demonstrated strong stain-
ing for the MAAI lectin, but also ciliated epithelial cells
of trachea and epithelial cells of the lung were positive.
SA-a-2,3-terminal saccharides (MAAII lectin)
The signal from the MAAII lectin demonstrating the
SA- a-2,3-terminal saccharides had a more pronounced
individual variation among pigs compared to the MAAI
lectin signal. It was not possible to correlate this indivi-
dual variation to the different groups of pigs. The
MAAII lectin was not demonstrable on the epithelial
cells of the nose, and trachea (Figure 1). However,
MAAII was demonstrated on epithelial cells of the
alveoli and bronchioles and very few cells of bronchi
(Figure 1). Furthermore, the connective tissue of lamina
propria and submucosa were MAAII positive, but the
endothelial cells were negative. The MAAII lectin stain-
ing was generally more widespread than the MAAI lec-
tin staining and was present on the surface of both
alveolar type I and II cells. As for the SNA lectin stain-
ing, the MAAII lectin staining was scarce to not present
in the consolidated areas of the infAv positive pig lungs.
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Figure 2 Lectin staining in nose, trachea, and lung from pigs. Examples of lectin staining demonstrating infAv receptors SNA lectin (SA-a-
2,6-terminal saccharide) and MAAI and II lectin (SA-a-2,3-terminal saccharides), respectively, in nose, trachea, and lung of pigs. The lectin staining
appear as a dark blue colour. A: Nasal epithelium demonstrating SNA lectin staining. A SNA lectin positive lining of epithelial cells (arrowhead)
and SNA positive endothelial cells (arrow) are shown. B and C: Nasal epithelium stained with MAAI and MAAII lectin, respectively. It is not
possible to recognise staining of the surface of the epithelium (arrowhead). D: Tracheal epithelium demonstrating SNA lectin staining. Positive
staining is shown of the surface of the epithelium (arrowhead). E and F: Tracheal epithelium stained with MAAI and MAAII lectin, respectively. It
is not possible to recognise staining of the surface of the epithelium (arrowhead). G: Lung section demonstrating SNA lectin staining. A SNA
lectin positive lining of epithelial cells is seen in alveoli (a) and bronchioles (b). H: Lung section demonstrating MAAI lectin staining. Very few
epithelial cells are positive in both bronchioles (b) and alveoli (a). I: Lung section demonstrating MAAII lectin staining, scattered positive reaction
is shown in the alveolar epithelial cells (a) and few positive cells are seen in bronchioles (b). (Original magnifications A, B, C, D, E, and F: x40; G,
H, and H: × 10).
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especially in the intestines (Figure 3). The ciliated
epithelial cells of trachea demonstrated a luminal stain-
ing for MAAII lectin. However, there were fewer posi-
tive cells than for MAAI lectin and, likewise, fewer
epithelial cells of the lung were positive. As for the pig,
connective tissue in lamina propia of the epithelium and
in submucosa was also MAAII positive.
As described above there was a clear difference in the
distribution of the three lectins in the consolidated and
the non-consolidated areas of the lung. In the non-con-
solidated areas it was not possible to detect any differ-
ence when comparing the different groups of pigs.
However, in the consolidated areas of the lung of both
AIV and SIV infected pigs, staining with all three lectins
were scarce or not present.
Evaluation of receptor staining
To evaluate the distribution and extent of the receptors
SA-a-2,6 and 2,3-terminal saccharides detected with the
three lectins SNA, MAAI, and MAAII, blinded scoring
was performed by two persons (table 1). The agreement
was tested statistically using the weighted kappa test. A
weighted kappa coefficient (w) of 0.73 was obtained. A
coefficient of 1 is 100% agreement and the w =0 . 7 3i s
considered a good agreement between scores [27].
Demonstration of infAv antigens
The overall result of the infAv antigen staining revealed
that the SIV antigens were widespread in the bronchi
and bronchioles and in the alveoli of the most severely
affected areas. In contrast, the AIV antigens were mainly
demonstrated in the alveoli and in a few bronchiolar
SNA
Intestine
Lung
Trachea
MAAII MAAI
B
I H G
E F D
C A
Figure 3 Lectin staining in trachea, lung, and intestine from chickens. Examples of lectin staining demonstrating infAv receptors SNA lectin
(SA-a-2,6-terminal saccharide) and MAAI and II lectin (SA-a-2,3-terminal saccharides), respectively, in trachea, lung, and intestine from chickens.
The lectin stainings appear as a dark blue colour. A, B, and C demonstrate staining of the luminal surface of the tracheal epithelium by all three
lectins SNA, MAAI, and MAAII, respectively, at the epithelium (arrowheads). The MAAI staining (C) is scarcer than the SNA (A) and MAAII (B)
staining. D demonstrates SNA lectin staining of the lung of chicken, only a small area of positive staining of the epithelium in a parabronchus is
seen (arrowhead). E demonstrates MAAI staining of the lung of a chicken, luminal staining of the epithelium in a parabronchus is seen
(arrowhead). F demonstrates MAAII staining of the lung (arrowhead), the staining is less on the epithelium in the lumen of the lung compared
to the MAAI staining (E). G, H, and I are intestinal epithelium demonstrating staining of the luminal surface of the epithelium (arrowheads) by all
of the three lectins SNA, MAAI, and MAAII, respectively. (Original magnifications A, B, and C x40; D, E, F, G, H, and I x20).
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Page 7 of 14epithelial cells whereas it was not found in the upper
respiratory tract. The results of the infAv antigen stain-
ing are summarized in Figure 4 and table 2.
SIV infected pigs
For the SIV infected groups, two different primary anti-
bodies were used for IHC and showed similar results.
The nasal and tracheal epithelium had scattered SIV anti-
gen positive cells. In pigs from both the H1N1 and H1N2
infected groups, a lobular distribution of SIV antigen
could be demonstrated in the lung sections. A lining of
SIV antigen positive epithelial cells were seen predomi-
nantly in bronchi and bronchioles of the affected areas
(Figure 5 and table 2). The exudates in lumen of affected
bronchi and bronchioles were often SIV antigen positive.
Furthermore, SIV antigens could sometimes be found in
alveolar epithelial cells (Figure 5 and table 2). The H1N2
infected pigs had more SIV antigen positive areas com-
pared to the H1N1 infected pigs.
SIV antigens were present both in the cranial and the
caudal lung tissue sections. However, the cranial lung
lobes were most severely affected, especially the left cra-
nial lobe. There was a clear correlation between areas of
consolidated lung tissue and presence of SIV antigen
positive cells.
AIV H4N6 infected pigs
T h en o s ea n dt r a c h e aw e r eA I Va n t i g e nn e g a t i v ei nt h e
pigs infected with AIV H4N6 (table 2). In the bronchi,
only a single positive cell was seen in a few lung sec-
t i o n sf r o mp i g se u t h a n i z e dP I D4 .A I Va n t i g e n sw e r e
demonstrated in alveoli and in some bronchioles (Figure
4, 6 and table 2) of all examined lung lobes except in
the right caudal lobe. The cells demonstrating AIV anti-
gens were few and sporadically spread in the tissues
(Figure 6). Similar to SIV infected pigs, the highest
number of AIV antigen positive cells was seen in the
left cranial lobe. In general, the number of AIV antigen
positive cells was very low compared to the number of
infAv antigen positive cells found in the SIV infected
pigs. In general, the pigs which were euthanized PID 8
had less AIV antigen positive cells than the pigs eutha-
nized PID 4.
Control pigs
InfAv antigens could not be demonstrated in mock-
inoculated pigs (table 2) or in the pigs that had recov-
ered from SIV infections 8 weeks earlier. The sentinel
pig in the AIV inoculated group were also infAv antigen
negative (table 2).
Double-staining of infAv antigen and cytokeratin
Double positive cells, stained for both infAv antigen and
cytokeratin, were found in the alveoli of the SIV infected
pigs, demonstrating that the SIV antigen positive cells
were alveolar epithelial cells. Furthermore, based on the
morphology of the infAv antigen positive epithelial cells,
it was possible to conclude that both type I and II
epithelial cells were SIV antigen positive demonstrating
that SIV infects both types of cells (Figure 7). Epithelial
cells in several of the bronchi and bronchioles also
showed a double staining, demonstrating bronchi and
bronchioles as predilection sites for SIV in these areas
of the respiratory tract.
Table 1 Results from double-blinded scoring of lectin
staining
0-20% 20-40% 40-60% 60-80% 80-100% Total
0-20% 34 611 0 4 2
20-40% 0 4 62 1 1 3
40-60% 0 0 1 21 4
60-80% 0 1 0 0 45
80-100% 0 0 0 1 12 13
Total 34 11 8 6 18 77
The table shows the results from double-blinded scoring of lectin staining
SNA, MAAI, and MAAII, respectively, in normal unconsolidated areas of the
lung sections as well as tracheal and nasal epithelium. The agreement
between the two evaluators in the five scoring categories can be read from
the table. The indicated scorings were used for calculation of the weighted
kappa coefficient.
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Figure 4 Distribution of influenza antigens in swine and avian
influenza virus infected pigs. The figure sums up the results from
demonstration of influenza A virus (infAv) antigens with
immunohistochemistry in alveoli, bronchioles, bronchi as well as
nasal and tracheal epithelium. The pigs were inoculated with avian
influenza A virus (AIV) H4N6 (n = 4 pigs) or swine influenza A virus
(SIV) (n = 4) including two H1N1 and two H1N2 infected pigs. The
figure shows the number of infAv positive pigs out of the four pigs
in each group (AIV and SIV, respectively). For the alveoli,
bronchioles, and bronchi the number of infAv positive pigs is
averaged over the 9 lung sections (lu1-9).
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Page 8 of 14The double-stainings of the tissues from AIV infected
pigs clearly verified that the large infAv antigen positive
cells found in the alveoli were epithelial cells. Further-
more, based on the morphology, it was possible to
demonstrate that AIV antigens were present only in
alveolar type II epithelial cells (Figure 8) in contrast to
SIV antigens which were found in both alveolar type I
and II epithelial cells (Figure 7).
For both double staining protocols (respectively AIV
and SIV antigen demonstration), there was no difference
in the number of infAv antigen positive cells in compar-
ison to the infAv antigen single staining protocols.
Furthermore, the double staining protocols showed the
same number of positive cells when omitting either the
infAv antibodies or the cytokeratin antibody.
Receptor distribution in consolidated areas
To compare the distribution of the lectin binding sites
with the distribution of infAv antigen positive cells,
Table 2 Results from immunohistochemical staining of
influenza A virus antigen
Inoculum
Necropsy
day
AIV
H4N6
PID4
AIV
H4N6
PID8
SIV
H1N2
PID4
SIV
H1N1
PID4
Mock
PID4
Mock
PID8
Sent.
PID8
Pig A B C D E F G H I J K L M
a l v++ - + -++----- -
lu1 br.iol +* + - +* - + + + - - - - -
bro - +* - - + + + + - - - - -
a l v ++++++++---- -
lu2 br.iol +* + - + + + + + - - - - -
bro - +* - - + + + + - - - - -
a l v ++++++++---- -
lu3 br.iol + + +* +* + + + + - - - - -
bro +* +* - - + + + + - - - - -
alv +* - - - + - - + - - - - -
lu4 br.iol ---- + + + + - - - - -
b r o ---- + + + + - - - - -
a l v- ++++- -+---- -
lu5 br.iol - + + - + + + + - - - - -
b r o ---- + + + + - - - - -
a l v- +++ i - -+---- -
lu6 br.iol - + - - i + + + - - - - -
bro - +* - - i + + + - - - - -
a l v ++++++++---- -
lu7 br.iol - + +* - + + + + - - - - -
b r o ---- + + + + - - - - -
a l v +++++--+---- -
lu8 br.iol - + +* +* + - + + - - - - -
bro +* +* - - + + + + - - - - -
alv - - - +* - - + + - - - - -
lu9 br.iol ---- + + + + - - - - -
b r o ---- + + + + - - - - -
Trachea ---- + + + + - - - - -
Nose ---- + + -- - - - - -
lu1: cranioventral part of the left cranial lobe; lu2: caudoventral part of the left
cranial lobe; lu3: dorsal part of the left cranial lobe; lu4: ventral part of the
right cranial lobe; lu5: middle part of the right cranial lobe; lu6: dorsal part of
the right cranial lobe; lu7: middle part of the right middle lobe; lu8: middle
part of the accessory lobe; and lu9: middle part of the right caudal lobe.
PID = post inoculation day, *Single positive cell demonstrated, i = not done.
Results from immunohistochemical staining of influenza A virus (infAv)
antigens in nose, trachea and the nine lunge sections from avian influenza A
virus (AIV) H4N6 inoculated pigs, swine influenza A virus (SIV) H1N1 and H1N2
inoculated pigs, the mock-inoculated pigs, and the sentinel (Sent.) pig which
was contained in the AIV group. Each lung tissue section was evaluated for
infAv antigens in alveoli (alv), bronchioles (br.iol), and bronchi (bro).
B
b
A
Figure 5 Immunohistochemical staining of swine influenza
virus antigens in lung tissue from a pig. Immunohistochemical
detection of swine influenza virus (SIV) antigens using polyclonal
rabbit anti-swine influenza antibody against A/swine/Denmark/4744/
1981 (H1N1) and counterstaining with hematoxylin. A: Lung section
from SIV H1N1 infected pig euthanized PID 4. SIV antigen positive
(brown) epithelial cells (arrow) are seen in a bronchus. SIV antigen
positive cells are also seen in the exudates in lumen of the
bronchus (arrowhead). Original magnification x10. B: Lung section
from SIV H1N2 infected pig euthanized PID 4. SIV antigen positive
(brown) epithelial cells are seen in a bronchiole (b) and in alveolar
septa (arrows). (Original magnification x10).
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Page 9 of 14lectin staining and IHC were performed on parallel sec-
tions. Interestingly, for both AIV and SIV infected ani-
mals it was demonstrated that infAv antigen positive
areas lacked lectin binding indicating that the receptors
were modified or not expressed in areas with infAv
infected cells (Figure 9). It was especially clear when
comparing lung sections from the SIV infected pigs
where clear infAv antigen positive bronchioles were free
from lectin staining in parallel sections (Figure 9). In the
AIV infected pigs where the infAv antigen signal was
demonstrated in scattered cells a direct comparison was
more difficult, however, it was possible to distinguish
the same areas of lobuli in parallel lectin stained sec-
tions which clearly were without staining (Figure 9).
The finding was seen in stainings with all three lectins.
Discussion
The present study revealed several interesting findings
regarding infAv receptors and infAv distributions in
pigs. The SA-a-2,6-terminal saccharide receptor was
found to be present in high amounts in all areas of the
respiratory tract of all examined pigs regardless of their
infection status. In contrast, the SA-a-2,3-terminal sac-
charide receptor was present only on the luminal sur-
face of bronchiolar, but mostly alveolar epithelial cells in
the lower respiratory tract.
Most human and swine influenza A viruses show
highest affinity for SA-a-2,6-terminal saccharide recep-
tors while most avian influenza A viruses show highest
affinity for SA-a-2,3 receptors [9,13-16,19,29]. Mapping
of the distribution of receptors in the respiratory tract
of different infAv hosts is therefore highly relevant for
clarifying host susceptibility to various infAv strains.
Earlier studies of the respiratory tract of humans have
shown that humans predominantly possess the SA-a-2,6
receptor and ducks expresses mainly the SA-a-2,3
receptor [30,31]. However, humans also possess SA-a-
2,3 in the lower part of the respiratory tract and domes-
tic birds like chicken and quail have also been shown to
express both receptors [26,31-33]. In our study we were
able to confirm that chickens possess SA-a-2,6 recep-
tors in rather large amounts in intestines, trachea and to
a lesser extent in lungs.
Figure 6 Immunohistochemical staining of avian influenza
virus antigens in lung tissue from a pig. Immunohistochemical
detection of avian influenza virus (AIV) antigens in lung section from
AIV infected pig euthanized PID 4, using goat anti-influenza A
antibody and counterstaining with hematoxylin. AIV antigen positive
(red) epithelial cells are seen in the alveolar septa (arrows). The area
is partly consolidated. (Original magnification x20).
A
B
Figure 7 Double immunohistochemical staining of swine
influenza virus antigens and epithelial cells. Lung sections from
swine influenza virus (SIV) H1N1 infected pig euthanized PID 4.
Double immunohistochemical staining using polyclonal anti-
influenza and anti-cytokeratin antibodies demonstrating SIV antigen
positive cells (clear blue cells) and epithelial cells (clear red cells).
Double positive cells (SIV antigen positive epithelial cells) are purple
(counterstained with hematoxylin). A: Demonstration of double
positive bronchioles (arrowhead). B: Demonstration of both double
stained alveolar type I (arrow) and II epithelial cells (arrowhead).
(Original magnifications A: x10, B: x40).
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Page 10 of 14Previous studies have reported that pigs have both the
SA-a-2,6 and the SA-a-2,3 receptors in the trachea and
therefore pigs have been regarded as the primary mixing
vessel for new infAv subtypes [8,9]. In the present study
we could not detect the SA-a-2,3-terminal saccharide in
the upper respiratory tract of pigs. Our findings are in
accordance with the results of recent studies by Nelli et
al. [18] and Van Poucke et al. [17], the latter examined
ex vivo explants of tissue from the respiratory tract of
pigs and found the same receptor distribution in pig tis-
sue as we did. The findings are also in concordance
with similar studies in AIV infected humans showing
that it is mostly the lower areas of the lung that are
infected with AIV, resulting in pneumonia [33-35].
Taken together, these recent studies indicate that the
“p i ga sm i x i n gv e s s e l ” theory is less substantial than
thought previously and that other species such as chick-
ens and even humans could act as mixing vessels
[26,31,32].
There are several possible explanations for the discre-
pancies in receptor distribution found in different stu-
dies. One obvious source of variables is the choice of
lectins used for the receptor staining. Thus, Nicholls et
al. [23] showed how lectins from different manufacturers
may vary in specificity and sensitivity. In addition, both
isoforms of MAAI and II recognise SA-a-2,3, but are
different in the way they recognises the inner sugar
structures. In order to detect all SA-a-2,3 receptors it is
important to use both isoforms. Furthermore, since lec-
tins are ubiquitously distributed in different tissues and
constitute a component of mucus it is important to be
able to differentiate respiratory epithelial cells from
other lectin signal positive components in the respira-
tory tract. We have tried to meet these uncertainties in
our scoring system by using relatively wide percentage
ranges of the distribution in staining and by specifically
evaluating the epithelial cells throughout the respiratory
tract. This allowed us to identify the non-specific stain-
ing. Furthermore, the selection of pigs for the study may
also be important since the receptor distribution may be
dependent on various factors such as age, infection
status, pig breed etc. However, this has not been
documented.
Factors other than the distribution of receptors, may
affect the host specificity of a given infAv [20,33] and it
has been shown that some infAv’s are able to adapt to a
given host species resulting in a change in the receptor
specificity during infection [20,36,37]. However, the
receptor recognition is a crucial step for an infecting
virus and therefore it has a large impact on the success-
ful attachment and further replication of virus.
It is likely that the risk of infection is dependent on
both the amount of receptors present on the site of
infection and the infection dose. In our experimental
c o n d i t i o n sv e r yh e a v ye x p o s u r ew i l lo fc o u r s ei n c r e a s e
the chance of infection. This is also seen in human
infections with H5N1 where the majority of the infected
individuals were exposed to high doses of infAv, prob-
ably allowing some of the viruses to enter the lower
areas of the respiratory tract where the receptor pre-
ferred by the avian viruses is expressed [38,39].
One of our observations was that endothelial cells
were SNA and MAAI lectin positive. This finding has
also been observed in receptor studies in humans [33].
InfAv’s predominantly infect the respiratory epithelial
cells and are therefore not in contact with endothelial
cells. However, in a damaged epithelium surface infAv
A
B
Figure 8 Double immunohistochemical staining of avian
influenza virus antigens and epithelial cells. Lung sections from
avian influenza virus (AIV) infected pig, euthanized PID 4. Double
immunohistochemical staining using polyclonal anti-influenza and
anti-cytokeratin antibodies (counterstaining with hematoxylin)
demonstrating AIV antigen positive cells (clear blue cells) and
epithelial cells (clear red cells). Double positive cells (AIV antigen
positive epithelial cells) are purple. A: Demonstration of double
positive alveolar epithelial cells (arrowhead). B: Greater
magnification than A, demonstration of double stained alveolar type
II epithelial cell (arrowhead). (Original magnifications A: x10, B: x40).
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Figure 9 Comparison of influenza virus infected and non-infected lung tissue and lectin staining. A: Bronchiole and lung parenchyma
from swine influenza virus (SIV) H1N1 infected pig euthanized PID 4. SIV antigen positive epithelium (red) is demonstrated by
immunohistochemistry using polyclonal goat anti-influenza A antibody and counterstaining with hematoxylin. In the same section it is possible
to identify infected (arrow) and non-infected (arrowhead) bronchiolar epithelium. B: Parallel section to A demonstrating SNA lectin staining (dark
blue) of the SA-a-2,6-terminal saccharide receptor. The lectin staining in the non-influenza infected part of the bronchiole (arrowhead) is
considerable stronger compared to the infected part (arrow). C: Lung section from SIV H1N1 infected pig euthanized PID 4. Influenza positive
cells (red) are demonstrated by immunohistochemistry using polyclonal goat anti-influenza A antibody and counterstaining with hematoxylin. In
the same section it is possible to identify an infected (*) and non-infected lobules (#). D: Parallel section to C demonstrating SNA lectin staining.
The lectin staining is reduced in the influenza infected area (*). E: Lung section from avian influenza (AIV) infected pig euthanized PID 4 stained
for AIV antigens (red). In the same section it is possible to identify an infected (*) and non-infected lobulus (#). F: Parallel section to E
demonstrating SNA lectin staining. A reduction of lectin staining is seen in the influenza infected lobulus (*) compared to the non-infected
lobulus. (Original magnifications A, B, C, and D x10).
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Page 12 of 14may get in contact with endothelia cells. It is, however,
most likely that other cell factors such as the availability
of specific proteases impact the success of infecting e.g.
the endothelia cells.
Interestingly, in parallel sections comparing infAv anti-
gen positive cells with lectin staining it was demonstrated
that the lectin staining was markedly diminished in areas
where infAv antigen positive cells were present. A likely
explanation could be that the infAv neuraminidases have
cleaved off the sialic acids during the infection. After-
wards there could be a delay in re-establishing the recep-
tors on infected cells or it could be a defence mechanism
prompted by the host cell. To our knowledge this has not
been shown earlier but is interesting because it would
significantly impact the risk of a single cell being infected
with different infAv subtypes and thereby reduce the risk
of generating re-assorted viruses. Further studies should
be performed on this issue.
The two different SIV isolates used in the present
study were found to infect nose, trachea, bronchial,
bronchiolar and alveolar type I and II epithelial cells,
but the infections were mainly located in the bronchial
epithelial cells. The distribution of the SIV antigen posi-
tive cells had a lobular distribution for both H1N1 and
H1N2 infected pigs, but more lobules were affected in
H1N2 infected pigs. The lung lesions and the distribu-
tion of SIV found in this study were similar to other
SIV infection studies [40-44].
Compared with the SIV infected pigs, only limited
infection with very few affected areas was seen in pigs
infected with the avian H4N6 strain and the infection
with AIV was confined to the lower respiratory tract
where especially the alveolar type II epithelial cells, but
also a few epithelial cells of bronchioles were infected.
Low-grade infection after experimental inoculation with
AIV in pigs is in agreement with other studies compar-
ing AIV and SIV infections in pigs [45,46]. The predilec-
tion of an AIV for swine alveolar type II alveolar cells
has to our knowledge not been described earlier, but
alveolar type II cells have been found to be the primary
cell type infected in the lungs of fatal human cases of
HPAI H5N1 AIV infections [34,35,47]. This may indi-
cate a preference of AIV for alveolar type II epithelial
cells in both pigs and humans. Our study indicates that
there is a predominance of SA-a-2,3-terminal sacchar-
ides on the alveolar type II epithelial cells compared to
type I cells and this could explain why the avian virus is
confined to alveolar type II epithelia cells. This also
opens the possibility of using the pig as a model for the
study of the pathogenesis of AIV infection in humans.
Conclusion
The present study showed that the distribution of the
two different infAv receptors in pigs were similar to that
of humans, that AIV infection of pigs are confined to
the lower respiratory tract and that AIV has a predilec-
tion for alveolar type II epithelial cells. Finally, the study
revealed that the infAv receptors are modified or absent
in SIV and AIV infected cells.
Acknowledgements
The study was partly funded by: The Danish Agriculture & Food Council,
Axelborg, Axeltorv 3, 1609 Copenhagen V, Denmark and Research School for
Animal Production and Health (RAPH), Dyrlaegevej 48, 1870 Frederiksberg C,
Denmark.
Author details
1Division of Veterinary Diagnostics and Research, National Veterinary
Institute, Technical University of Denmark, Bülowsvej 27, 1790 Copenhagen
V, Denmark.
2Department of Veterinary Disease Biology, Faculty of Life
Sciences, University of Copenhagen, Dyrlægevej 88, 1870 Frederiksberg C,
Denmark.
Authors’ contributions
RT participated in the conception and design of the study, carried out the
experiments including the subsequent analysis and interpretation of data, as
well as drafted the manuscript. LEL participated in the conception and
design of the study, analysis and interpretation of data and revision of the
manuscript. BMV participated in the conception and design of the study,
analysis and interpretation of data, as well as revision of the manuscript. All
authors read and approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Received: 30 March 2011 Accepted: 8 September 2011
Published: 8 September 2011
References
1. Alexander DJ: A review of avian influenza in different bird species. Vet
microbiol 2000, 74:3-13.
2. Ito T, Kawaoka Y: Host-range barrier of influenza A viruses. Vet microbiol
2000, 74:71-75.
3. Webster RG, Bean WJ, Gorman OT, Chambers TM, Kawaoka Y:
Evolution and ecology of influenza A viruses. Microbiol Rev 1992,
56:152-179.
4. Kuntz-Simon G, Madec F: Genetic and Antigenic Evolution of Swine
Influenza Viruses in Europe and Evaluation of Their Zoonotic Potential.
Zoonoses Public Health 2009, 56:310-325.
5. Brown IH: The epidemiology and evolution of influenza viruses in pigs.
Vet microbiol 2000, 74:29-46.
6. Brown IH, Harris PA, McCauley JW, Alexander DJ: Multiple genetic
reassortment of avian and human influenza A viruses in European pigs,
resulting in the emergence of an H1N2 virus of novel genotype. Journal
of General Virology 1998, 79:2947-2955.
7. Hjulsager CK, Bragstad K, Bøtner A, Nielsen EO, Vigre H, Enøe C, et al: New
swine influenza A H1N2 reassortment found in Danish swine. In
proceedings of International Pig Veterinary Society congress. Volume 1.
Copenhagen; 2006:16-19, O.55-03 265-265. 2006.
8. Ito T, Couceiro JNSS, Kelm S, Baum LG, Krauss S, Castrucci MR, et al:
Molecular basis for the generation in pigs of influenza A viruses with
pandemic potential. Journal of Virology 1998, 72:7367-7373.
9. Suzuki Y, Ito T, Suzuki T, Holland RE, Chambers TM, Kiso M, et al: Sialic acid
species as a determinant of the host range of influenza A viruses. J Virol
2000, 74:11825-11831.
10. Shortridge KF, Gao P, Guan Y, Ito T, Kawaoka Y, Markwell D, et al:
Interspecies transmission of influenza viruses: H5N1 virus and a Hong
Kong SAR perspective. Vet microbiol 2000, 74:141-147.
11. Koopmans M, Wilbrink B, Conyn M, Natrop G, van der Nat H, Vennema H,
et al: Transmission of H7N7 avian influenza A virus to human beings
during a large outbreak in commercial poultry farms in the Netherlands.
The Lancet 2004, 363:587-593.
Trebbien et al. Virology Journal 2011, 8:434
http://www.virologyj.com/content/8/1/434
Page 13 of 1412. Subbarao K, Klimov A, Katz J, Regnery H, Lim W, Hall H, et al:
Characterization of an avian influenza A (H5N1) virus isolated from a
child with a fatal respiratory illness. Science 1998, 279:393-396.
13. Rogers GN, D’Souza BL: Receptor binding properties of human and
animal H1 influenza virus isolates. Virology 1989, 173:317-322.
14. Gambaryan AS, Karasin AI, Tuzikov AB, Chinarev AA, Pazynina GV, Bovin NV,
et al: Receptor-binding properties of swine influenza viruses isolated and
propagated in MDCK cells. Virus Research 2005, 114:15-22.
15. Rogers GN, Paulson JC: Receptor determinants of human and animal
influenza virus isolates: differences in receptor specificity of the H3
hemagglutinin based on species of origin. Virology 1983, 127:361-373.
16. Stevens J, Blixt O, Glaser L, Taubenberger JK, Palese P, Paulson JC, et al:
Glycan microarray analysis of the hemagglutinins from modern and
pandemic influenza viruses reveals different receptor specificities. J Mol
Biol 2006, 355:1143-1155.
17. Van Poucke S, Nicholls J, Nauwynck H, Van Reeth K: Replication of avian,
human and swine influenza viruses in porcine respiratory explants and
association with sialic acid distribution. Virology Journal 2010, 7:38.
18. Nelli R, Kuchipudi S, White G, Perez B, Dunham S, Chang KC: Comparative
distribution of human and avian type sialic acid influenza receptors in
the pig. BMC Veterinary Research 2010, 6:4.
19. Yamada S, Suzuki Y, Suzuki T, Le MQ, Nidom CA, Sakai-Tagawa Y, et al:
Haemagglutinin mutations responsible for the binding of H5N1
influenza A viruses to human-type receptors. Nature 2006, 444:378-382.
20. Bateman AC, Busch MG, Karasin AI, Bovin N, Olsen CW: Amino Acid 226 in
the Hemagglutinin of H4N6 Influenza Virus Determines Binding Affinity
for {alpha}2,6-Linked Sialic Acid and Infectivity Levels in Primary Swine
and Human Respiratory Epithelial Cells. J Virol 2008, 82:8204-8209.
21. Connor RJ, Kawaoka Y, Webster RG, Paulson JC: Receptor Specificity in
Human, Avian and Equine H2 and H3 Influenza Virus Isolates. Virology
1994, 205:17-23.
22. Nicholls JM, Peiris JSM, Guan Y: Sialic acid and receptor expression on the
respiratory tract in normal subjects and H5N1 and non-avian influenza
patients. Hong Kong Med J 2009, 15:16-20.
23. Nicholls JM, Bourne J, Chen H, Guan Y, Peiris JSM: Sialic acid receptor
detection in the human respiratory tract: evidence for widespread
distribution of potential binding sites for human and avian influenza
viruses. Respir Res 2007, 8(73).
24. Nicholls JM, Chan RWY, Russell RJ, Air GM, Peiris JSM: Evolving
complexities of influenza virus and its receptors. Trends in Microbiology
2008, 16:149-157.
25. Ladekjær-Mikkelsen A-S, Nielsen J, Stadejek T, Storgaard T, Krakowka S,
Ellis J, et al: Reproduction of postweaning multisystemic wasting
syndrome (PMWS) in immunostimulated and non-immunostimulated 3-
week-old piglets experimentally infected with porcine circovirus type 2
(PCV2). Veterinary Microbiology 2002, 89:97-114.
26. Kuchipudi SV, Nelli R, White GA, Bain M, Chang KC, Dunham S: Differences
in influenza virus receptors in chickens and ducks: Implications for
interspecies transmission. Journal of Molecular and Genetic Medicine 2009,
3:143-151.
27. Altman DG: Practical statistics for medical research. 1 edition. Chapman &
Hall/CRC; 1999.
28. Viuff B, Tjornehoj K, Larsen LE, Rontved CM, Uttenthal A, Ronsholt L, et al:
Replication and clearance of respiratory syncytial virus: apoptosis is an
important pathway of virus clearance after experimental infection with
bovine respiratory syncytial virus. Am J Pathol 2002, 161:2195-2207.
29. Auewarakul P, Suptawiwat O, Kongchanagul A, Sangma C, Suzuki Y,
Ungchusak K, et al: An Avian Influenza H5N1 Virus That Binds to a
Human-Type Receptor. J Virol 2007, 81:9950-9955.
30. Ito T, Suzuki Y, Suzuki T, Takada A, Horimoto T, Wells K, et al: Recognition
of N-glycolylneuraminic acid linked to galactose by the alpha2,3 linkage
is associated with intestinal replication of influenza A virus in ducks.
J Virol 2000, 74:9300-9305.
31. Shinya K, Ebina M, Yamada S, Ono M, Kasai N, Kawaoka Y: Influenza virus
receptors in the human airway. Nature 2006, 440:435-436.
32. Guo CT, Takahashi N, Yagi H, Kato K, Takahashi T, Yi SQ, et al: The quail and
chicken intestine have sialyl-galactose sugar chains responsible for the
binding of influenza A viruses to human type receptors. Glycobiology
2007, 17:713-724.
33. Yao L, Korteweg C, Hsueh W, Gu J: Avian influenza receptor expression in
H5N1-infected and noninfected human tissues. FASEB 2008, 22:733-740.
34. Uiprasertkul M, Puthavathana P, Sangsiriwut K, Pooruk P, Srisook K, Peiris M,
et al: Influenza A H5N1 Replication Sites in Humans. Emerg Infect Dis
2005, 11:1036-1041.
35. Gu J, Xie Z, Gao Z, Liu J, Korteweg C, Ye J, et al: H5N1 infection of the
respiratory tract and beyond: a molecular pathology study. The Lancet
2007, 370:1137-1145.
36. Matrosovich M, Tuzikov A, Bovin N, Gambaryan A, Klimov A, Castrucci MR,
et al: Early alterations of the receptor-binding properties of H1, H2, and
H3 avian influenza virus hemagglutinins after their introduction into
mammals. Journal of Virology 2000, 74:8502-8512.
37. Matrosovich MN, Gambaryan AS, Teneberg S, Piskarev VE, Yamnikova SS,
Lvov DK, et al: Avian influenza A viruses differ from human viruses by
recognition of sialyloligosaccharides and gangliosides and by a higher
conservation of the HA receptor-binding site. Virology 1997, 233:224-234.
38. Mounts A-W, Kwong H, Izurieta H-S, Ho Y, Au T, Lee M, et al: Case-Control
Study of Risk Factors for Avian Influenza A (H5N1) Disease, Hong Kong,
1997. The Journal of Infectious Diseases 1999, 180:505-508.
39. Dinh PN, Long HT, Tien NTK, Hien NT, Mai LTQ, Phong LH, et al: Risk
factors for human infection with avian influenza A H5N1, Vietnam, 2004.
Emerg Infect Dis 2006, 12:1841-1847.
40. Haines DM, Waters EH, Clark EG: Immunohistochemical detection of swine
influenza A virus in formalin-fixed and paraffin-embedded tissues. Can J
Vet Res 1993, 57:33-36.
41. Jung K, Ha Y, Chae C: Pathogenesis of swine influenza virus subtype
H1N2 infection in pigs. J comp Pathol 2005, 132:179-184.
42. Jung T, Choi C, Chae C: Localization of swine influenza virus in naturally
infected pigs. Vet Pathol 2002, 39:10-16.
43. Vincent LL, Janke BH, Paul PS, Halbur PG: A monoclonal-antibody-based
immunohistochemical method for the detection of swine influenza virus
in formalin-fixed, paraffin-embedded tissues. J Vet Diagn Invest 1997,
9:191-195.
44. Larochelle R, Sauvageau R, Magar R: Immunohistochemical detection of
swine influenza virus and porcine reproductive and respiratory
syndrome virus in porcine proliferative and necrotizing pneumonia
cases from Quebec. Can Vet J 1994, 35:513-515.
45. De Vleeschauwer A, Atanasova K, Van Borm S, van den Berg T,
Rasmussen TB, Uttenthal Å, et al: Comparative Pathogenesis of an Avian
H5N2 and a Swine H1N1 Influenza Virus in Pigs. PLoS ONE 2009, 4:e6662.
46. Isoda N, Sakoda Y, Kishida N, Bai GR, Matsuda K, Umemura T, et al:
Pathogenicity of a highly pathogenic avian influenza virus, A/chicken/
Yamaguchi/7/04 (H5N1) in different species of birds and mammals.
Archives of Virology 2006, 151:1267-1279.
47. Piwpankaew YOTT, Monteerarat YUWA, Suptawiwat ORNP,
Puthavathana PILA, Uipresertkul MONG, Auewarakul PRAS: Distribution of
viral RNA, sialic acid receptor, and pathology in H5N1 avian influenza
patients. APMIS 2010, 118:895-902.
doi:10.1186/1743-422X-8-434
Cite this article as: Trebbien et al.: Distribution of sialic acid receptors
and influenza A virus of avian and swine origin in experimentally
infected pigs. Virology Journal 2011 8:434.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Trebbien et al. Virology Journal 2011, 8:434
http://www.virologyj.com/content/8/1/434
Page 14 of 14